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There are two principal approaches to 
compression in Inertial Confinement Fusion

Inertial Confinement Fusion 
uses direct or indirect drive to 
couple driver energy to the fuel 
capsule

Spherical ablation with pulse 
shaping results in a rocket-like 
implosion of near Fermi-
degenerate fuel

Spherical collapse of the shell 
produces a central hot spot 
surrounded by cold, dense 
main fuel

Direct Drive

Indirect Drive

Hot spot
(10 keV)

Cold, dense
main fuel
(200-1000 g/cm3)

Low-Z Ablator for
Efficient absorption

Cryogenic
Fuel for 
Efficient
compressionDT

gas



QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.



NIF can be used for both indirect and direct-drive ICF 
and High Energy Density (HED) Physics

Indirect drive ICF

40-00-0897-1623D

Direct drive ICF

Indirect drive HEDS Direct drive HEDS

E.g. EOS E.g. Hydrodynamics E.g. Material Strength



NIF Indirect Drive target schematic

Hohlraum Wall: 
– Au or                         
– High-z mixture (cocktail ) 

Laser Beams 
in 2 rings (24 
quads)

Laser Entrance Hole
(LEH) with window

LEH shield
Hohlraum Fill
– He gas (1 mg/cm3) or

-– Low density foam
(1 mg/cm3 SiO2) 

7.4
mm

Capsule fill tube

Cryogenic
cooling 
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The success of NIF Early Light (NEL) experimental 
campaigns was due to efforts of multiple integrated 
experimental teams encompassing multiple laboratories
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First quad NIF experiments successfully exercised all 
existing facility capabilities and delivered new results 

•Every type of optical and x-ray facility diagnostic successfully 
commissioned

•Planar, steady long pulse direct-drive capability demonstrated

•Good laser propagation in long-scale length low Z plasma 
demonstrated, confirming understanding of filamentation threshold

•Vacuum hohlraum performance agree with simulations and probe 
limits due to plasma filling

•High contrast shaped-pulse gas-filled hohlraum energetics help 
understanding of laser-plasma interactions

•Study of hydrodynamic jet evolution extended to 3D and dual 
features
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Diagnostics



VISAR
Shock VelocityFull Aperture

Backscatter

Diagnostic Insertion Module 
(DIM)

Flexible x-ray imager

NIF commissioned a broad suite of optical 
and x-ray diagnostics for early experiments

FFLEX
Hard x-ray spectrometer

Near Backscatter Imager

DANTE
Soft x-ray temperature

Static x-ray
imager

10 m Diameter NIF Target Chamber

1st Quad
up to 16 kJ, 8 TW

1-9 ns
1015-1016 W/cm2 HTPD Rev. Sci. Instrum. 72 (2001) and 75 (2004)

B. MacGowan et al., WO16.1

Diagnostics



Two Diagnostic Insertion Manipulators (DIM) 
installed for use on all NIF 1st Quad campaigns

Diagnostics

Using opposing port telescope, we aligned DIM-based instruments to 50 µm, 
2x better than required



Soft X-ray Imaging Snout

LANL Gated X-ray 
Camera in Air Box

DIM-insertable hard or soft x-ray streak and framing 
cameras were essential to first campaigns

First DIM-based X-ray Framing 
Camera in Air Box

Diagnostics



Shock Propagation



660 nm VISAR Interferometer commissioned 
for performing planar shock timing

Normal incidence 
drive

VISAR 
probe

NIF drive (1 quad)

Target 
mounted 
mirror

Shock Propagation



NIF planar direct-drive experiment demonstrated 
expected shock strength, steadiness and planarity

Predicted 
breakout 
profile

Quartz 

VISAR beam

Ablator 
Preheat shield 

700 µm diameter, smoothed
5 ns, 3.3 kJ ramped drive

Al (impedance match)

15 Mbar15 Mbar

3% ∆v/v = 6% ∆P/P

Setup for long steady drive Setup for long steady drive 
demonstrationdemonstration

VISAR streaked VISAR streaked 
data and analysisdata and analysis

Drive pulse profilesDrive pulse profiles

• Pressure within 10%, meeting requirement
• Shock steadiness to < 3%, exceeding 5% requirement
• Shock planar to 5% over 500 µm, meeting requirement

Shock Propagation



Laser-Plasma Interaction



An international team successfully activated laser 
coupling and hohlraum capability using NIF 1st quad

Hot electron 
production 
(FFLEX) 113º

Plasma filling (9 keV gated 
x-ray imaging), 84.4º

Laser Backscatter (SBS and 
SRS) in lenses (FABS) and 
outside the lenses (NBI)

Thin wall Au 
Hohlraum

Hohlraum Temperature
(Dante) 21.6º

4 beams, 0.5 mm 
spot, 4-17 kJ, 2 - 9 
ns,  1- 3x1015 W/cm2   

w beam smoothing

NIF Q31B 

18 channel, 0.1-10 keV,
Absolute, time resolved

8 channel, 20-120 keV,
Absolute, time integrated

Diagnostics



Backscatter distribution 
reconstruction
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Laser propagation and coupling studied as 
function of smoothing in long-scale low Z gas 

tubes

Birefringent wedged crystal provided 
Polarization Smoothing (PS) option by 
reducing power in intense speckles

Dixit et al., TuPo7

Gated x-ray image 
of laser-plasma

S. Glenzer et al., Nuc. Fusion 44 (2004) S185

2.5x1015 W/cm2

16 kJ in 3.5 ns
500 µm Phase-Plate (CPP)
with and without 90 GHz SSD + PS

7 
m

m

1 atm. CO2 filled 
gas tube (7% nc)

Laser-Plasma Interaction



0.4

LASNEX ray tracing simulations 
including backscatter losses 
agree with laser propagation 
when PS and SSD added 

X (mm)

-0.4

0

Z (mm)
0 84

Z (mm)
0 84

CPP only [500µm spot] 

4 mm

8 mm

1.0ns 1.5ns 3.7ns

CPP, PS, and 
SSD 

4 mm

1.0ns 1.5ns 3.3ns
Data

3.5 keV X-ray images of beam propagation

Gas-tubes demonstrated control and suppression 
of filamentation in NIF ignition scale low Z plasmas 

D. Froula, S. Glenzer et al., WPo13.6

t = 3.5 ns t = 1.5 ns 

Laser-Plasma Interaction



CPP

CPP + SSD + PS

Iaser Ne/Nc

Iaser

70

Ne/Nc

0.05 0.065 0.08

t = 0.5 ns

t = 2.5 ns

CPP

CPP + SSD + PS
a.u.

7 mm

2.4
mm

pF3D X-ray images of beam propagation

Future simulations will include window and self-consistently calculate backscatter

pF3D laser propagation and density profiles 

Preliminary fine-scale simulations (pF3D) confirm faster 
burnthrough and reduced filamentation with PS, SSD

x (mm)

Laser-Plasma Interaction



Improved beam smoothing leads to increase in 
filamentation threshold and reduction in beam spray 

Transmitted near 
field Q = 0.8, NIF 
ignition

Includes forward SBS
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Beam Path (mm)

Q 
(1013)

50

1

3

CPP, PS

CPP

2

NIF 1st quad 
gas pipe

LEH

CPP, PS, SSD

NIF ignition 
hohlraum

Calculated near Calculated near 
fields vs Q fields vs Q FoMFoM

Filamentation
Threshold ⇑
if smoothing ⇑

Filamentation (FoM) at peak Te
Q = I [Wcm-2] λ2[µm2] ne/nc 3/Te[keV] (f#/8)2

NIF ignition hohlraums will stay well below 
filamentation threshold by using all beam smoothing 
options and keeping intensities below 2x1015 W/cm2

Laser-Plasma Interaction
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0 1000 2000 3000 4000
0.0

0.5

1.0

1.5
GW/sr.eV

E (eV)

Total flux divided by source size yielded a 
radiation temperature to 2-3% accuracy

to target
chamber center

Filtere
d x-ray 
diodes

18 channel absolutely calibrated “Dante” power 
diagnostic measured 50 eV - 10 keV spectrum

Measured and simulated Dante 
spectra at the end of the drive

1.2 mm hohlraum 
275 eV

2.4 mm, 
151 eV

Post-processed 
LASNEX

Data + fit

Flux

Dante diode array – time resolved 
radiation drive

Vacuum and Hot Hohlraums



A variety of vacuum hohlraums driven with 2 - 9 ns 
pulses demonstrated expected radiation temperature
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Tr 
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DataData
SimulatedSimulated

1.2 mm

2.4 mm

1.6 
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Peak TRAD matches simulations within 2-3% Dante uncertainty
Negligible backscatter and hot electron fraction (< 1%) for all vacuum 
hohlraums < 300 eV 

Vacuum and Hot Hohlraums



Small vacuum hohlraums driven with smaller spots 
reached expected > 330 eV radiation temperatures

< 10% power above 2.7x1016 W/cm2

Measured vs simulated flux

PS Exp: Trad = 340 eV
Lasnex:*  Trad = 337 eV

No PS Exp:Trad = 340 eV
Lasnex:*    Trad = 343 eV

3.5 µm-thick hohlraum driven @ 8 TW 
1.2 ns Flattop beam (Small spot CPP)

*Accounting for 10% backscatter

x 1016

W/cm2

1 keV images of x-ray burnthrough

0.56 
mm

D. Hinkel et al., M03.2
M. Schneider et al., WPo13.xMeasure of gradients in internal 

hohlraum energetics

0.9 ns 1.1 ns 1.3 ns

0.3 mm

Vacuum and Hot Hohlraums



2.4 mm Hohlraum

Signatures of plasma filling observed as 
predicted when hohlraum size decreased for 

fixed drive
16 kJ, 6 ns 

Flattop drive

1 mm

9 keV X-ray 
images

1.6 mm Hohlraum
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E.L. Dewald, L.J. Suter, O.L. Landen et. al., submitted to Phys. Rev. Lett.

When I.B. absorption length 
comparable to LEH radius r , 
hydrodynamic and coronal radiative
losses out of LEH ⇑ and internal Tr ⇓

Plasma parameters from (J. Lindl 1995):
X-ray ablated plasma pressure = 
Laser channel pressure
Heat conduction loss = I.B. heating
Hohlraum power balance

Analytic Plasma Fill Model

t = troll-overt < troll-over

0.270.20.2
L

0.070.20.2
LR

tr/E1.0
tr/P1.0T

=

=
TR (heV), PL (TW), EL
(kJ), r (cm), t (ns)

Tr vs t limits: analytic model and 
data

100 1 10

Tr
(eV)

troll-over(ns)

200

Model: Full NIF, 1.8 MJ, 600 TW, 
2r = 0.6 mm

Data: NIF 1 quad

Model: NIF 1 
quad

400

800
radiation

hydro

r

First NIF quad hohlraum Tr limits used to predict 
full NIF vacuum hohlraum performance limits

Vacuum and Hot Hohlraums
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We also demonstrated a high-contrast, long-pulse,                
low Z gas-filled hohlraum drive of the type used for ignition 

10 keV X-ray image of laser 
plasma @ peak of pulse

Comparison of requested and 
measured 120:1 contrast ratio pulse

J. Fernandez et al., TuO7.1

500 µm smoothed 
spot (CPP + PS) 0

2

4

6

8

0 2 4 6 8 10

Measured
Requested

t (ns)

PL
(TW)

S. Goldman et al., MO2.6
C. Haynam et al., WO16.2

NIF 1st Quad

1 atm C3H8
or C02 fill 
(7% nc)

3 mm

1.6 mm

Gas-Filled Hohlraums



Filamentation Figure-of-Merit at Peak Intensity

Peak intensity was 3x1015 W/cm2, above ignition design 
beam intensities and above filamentation threshold

Beam Path (mm)

Q 
(1013)

50

1

3

CPP, PS

CPP

2

NIF 1st quad gas-
filled hohlraum

LEH

CPP, PS, SSD

NIF ignition 
hohlraum

NIF ignition hohlraum designs keep peak intensities < 2x1015 W/cm2 and assume 
full smoothing applied (CPP, PS, SSD) to mitigate filamentation and beam spray

Gas-Filled Hohlraums



Measured vs simulated flux including 
backscatter losses

Measured and calculated gas-filled hohlraum 
energetics agree when including backscatter losses
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SRS
SBS FABS
SBS NBI*

Absorbed = 
Incident -
SRS - SBS

IncidentPower  
(TW)

Incident, backcattered and 
calculated absorbed laser power

J. Kline et al., WO19.4
*SBS NBI time history assumed*SBS NBI time history assumed

These hohlraums are testing our understanding and 
simulation capability of backscatter (e.g. what governs 
time-dependence and relative strength of SRS and SBS)? D. Hinkel et al., WPo13.1

J. Fernandez et al., TuO7.1     

C3H8

Gas-Filled Hohlraums



Hydrodynamics



The first quad of NIF was used to both drive and 
backlight hydrodynamic jets of astrophysical interest

NIF met or exceeded experimental precision required
• Relative drive beam / target alignment to 60 µm rms, exceeding 100 µm required
• Shot-to-shot beam energy to 4% rms, exceeding 7% required
• Smooth, flat spatial profile over 500 µm as required

1 mm

3 geometries 
compared

2D jet

3D jet

Interacting jets

B. Blue et. al., MO2.1

1.5 ns, 6 kJ

1.5 ns, 2.5 kJ
∆t = 16 - 22 ns

Gated XGated X--rayray

Hydrodynamics



To record the complicated flow, the 3D targets 
were imaged from orthogonal views

Data Hydra

Front

Side

500 µm

B. Blue et. al., Phys. Rev. Lett. 94 (2005) 095005

Data used to validate new generation of 3D codes

Hydrodynamics



The flow structure in 3D targets was more complex 
but followed some of the 2D characteristics

For both 2D and 3D:
Jet mass direction predominantly controlled 
by shock direction, not hole axis direction
Jet CoM controlled by average hole CoM, not 
exit center

2D

3D Asymmetric View

Center of Mass (CoM) vs
Distance above the Pedestal

CoM

CoM

Mass ejected vs time 
agrees with simulations, 
proportional to hole “mass”

3D

2D

Hydrodynamics



A dual jet experiment explored the
physics of interacting jets

Equal Size Jets

Simulations predict no mixing between the jets, 
however the data suggests that they may

Data Data

Simulation Simulation

Different Size Jets

Hydrodynamics



First quad NIF experiments successfully exercised all 
existing facility capabilities and delivered new results 

•Every type of optical and x-ray facility diagnostic successfully 
commissioned

•Planar, steady long pulse direct-drive capability demonstrated

•Good laser propagation in long-scale length low Z plasma 
demonstrated, confirming understanding of filamentation threshold

•Vacuum hohlraum performance agree with simulations and probe 
limits due to plasma filling

•High contrast shaped-pulse gas-filled hohlraum energetics help 
understanding of laser-plasma interactions

•Study of hydrodynamic jet evolution extended to 3D and dual 
features

0 1000 2000 3000 4000 5000
0.0

0.5

1.0

GW/sr.eV

E (eV)

2

4

6

8

2 4 6 8 10
t (ns)

P 
(TW)

Diagnostics

Shock Propagation

Laser-Plasma Interaction

Vacuum and Hot Hohlraums

Gas-Filled Hohlraums

Hydrodynamics
































